Background and Purpose-Previous research suggests greater risk of coronary heart disease with lower levels of the adrenal steroid dehydroepiandrosterone sulfate (DHEAS). No studies have examined the association between DHEAS and risk of ischemic stroke. DHEAS may influence ischemic stroke risk through atherosclerotic-related mechanisms (endothelial function and smooth muscle cell proliferation) or insulin resistance. Methods-Between 1989 and 1990, 32 826 women without prior stroke in the Nurses' Health Study, an observational cohort, provided blood samples and were followed up for cardiovascular events. Among this sample, using a nested case-control design, 461 ischemic strokes were confirmed by medical records by 2006. Cases were matched to controls free of stroke at the time of the index case and by age, race, menopausal status, postmenopausal hormone use, smoking status, and date of sample collection. Multivariable conditional logistic regression was used. Results-Median DHEAS levels did not differ between cases (median=58.7) and controls (median=66.0; P=0.10).
D
ehydroepiandrosterone sulfate (DHEAS), the most abundant circulating human steroid hormone, is secreted almost exclusively by the adrenal cortex.
1 DHEAS serves as a precursor to ≈50% of androgens in adult men, 75% of active estrogens in premenopausal, and ≈100% in postmenopausal women.
1 DHEAS levels decline with age, peaking at age 20 to 30 years and declining by 20% to 30% by age 70 to 80 years. 2 Although no human studies have examined DHEAS and stroke, several studies have reported strong inverse associations between levels of DHEAS and risk of total mortality and cardiovascular disease (CVD). [3] [4] [5] Recent results from the Women's Ischemia Syndrome Evaluation (WISE) reported a >2-fold increased risk of CVD mortality among women in the lowest tertile of DHEAS compared with those in higher categories (hazard ratio [HR], 2.55; 95% CI, 1.19-5.45). 4 The associations between DHEAS and risk of CVD among women have been inconsistent in the few studies available, in contrast to observations among men. [3] [4] [5] [6] These data suggest divergent effects by sex, underscoring the need for sex-specific analyses with comprehensive evaluation of hormonal-related factors.
The biological plausibility for an association between DHEAS and risk of stroke is provided by inverse associations between DHEAS and several stroke risk factors, including insulin resistance, 7 carotid intima-media thickness, 8 and hypertension. 9 In addition, low DHEAS levels have been associated with cognitive impairment. 1 Higher dehydroepiandrosterone (DHEA) levels have been shown to decrease atherogenic vascular remodeling post injury. 10 Furthermore, higher DHEA/DHEAS levels have also been shown to improve endothelial cell function and promote insulin sensitivity 11, 12 in human and animal models. Importantly, DHEAS may act directly or through conversion to sex steroid hormones; hence, the influence of DHEAS on risk may vary depending on the hormonal environment (eg, sex, menopausal status, and postmenopausal hormone use). 13 Given its extensive use as an over-the-counter supplement, elucidating the role of DHEAS in the pathogenesis of CVD could provide further support for randomized controlled trials evaluating its potential role in CVD prevention.
To further elucidate the relationship between DHEAS and risk of stroke, we evaluated its association with ischemic
Materials and Methods

Nurses' Health Study Cohort
The Nurses' Health Study (NHS) enrolled 121 700 female registered nurses living in 11 US states, aged 30 to 55 years, who completed a mailed questionnaire in 1976. Follow-up questionnaires have been mailed biennially, with a semiquantitative food frequency questionnaire mailed every 2 to 4 years since 1980, as previously published.
14 Follow-up of the baseline population is >90% and mortality followup is >98% complete. 15 Between 1989 and 1990, 32 826 women without prior evidence of stroke, 43 to 69 years, provided blood samples. Approximately 10 years later (2000-2001), 18 743 of these participants provided a second blood sample. Blood was drawn and shipped to our laboratory via overnight courier for processing. Samples were processed, archived, and have been stored in continuously monitored liquid nitrogen freezers as previously described. 16 A nested case-control study of ischemic stroke was conducted among women with available blood samples (1989) (1990) . Stroke cases were participants free of known prior stroke or cancer at the time of the blood collection, but who experienced an ischemic stroke during the follow-up interval. For each stroke case, 1 NHS control participant who was free of known prior stroke or cancer at the time of the blood collection and had not had a stroke event at the time of the index case event was selected; hence, cases and controls possessed the same amount of person-time at risk. Controls were individually matched to the index case at blood collection by age, race, smoking, menopausal status, hormone therapy, and date of sample collection (see the online-only Data Supplement).
Blood Sample Assay
Blood samples were collected from a subgroup of NHS participants (n=32 826) between 1989 and 1990 and a second sample was requested and received (n=18 743) ≈10 years later (2000) (2001) . Estimation of the association between DHEAS and risk of ischemic stroke used DHEAS collected at 1 time point (1989) (1990) ; replicate samples were only used to estimate measures of reliability. Case-control pair samples were handled identically and together shipped to the laboratory in the same batch and assayed in the same run. Each batch included replicate, blinded plasma samples to assess laboratory precision and drift samples standardized to a particular level for the biomarker to track and correct for laboratory assay drift. DHEAS was measured by competitive radioimmunoassay at Quest Diagnostics/Nichols Institute (San Juan Capistrano, CA) for all cases and controls, with a mean intra-assay coefficient of variation of 4%. Previously, DHEAS levels have shown stability for 2 to 3 years in this population of postmenopausal women (intraclass correlation coefficient, 0.88; 95% CI, 0.84-0.93), 16 and ≤15 years stability in frozen serum in other populations. 2 We estimated the intraclass correlation coefficient among 102 women with 2 measurements ≈10 years apart and observed good reproducibility (intraclass correlation coefficient, 0.73; 95% CI, 0.66-0.79).
Total, low-density lipoprotein, high-density lipoprotein-cholesterol, C-reactive protein, and sex-hormone-binding globulin were measured at the Clinical and Epidemiological Research Laboratory at Children's Hospital (Boston, MA), and estradiol and testosterone were measured at the Mayo Clinic (Rochester, MN) for all cases and controls using standard laboratory assays (see the online-only Data Supplement). All CVs for low-density lipoprotein-cholesterol, high-density lipoprotein-cholesterol, C-reactive protein, and sexhormone-binding globulin were <10% and <16% for estradiol and testosterone.
Cerebrovascular Disease Assessment
We included ischemic strokes that occurred from the return of the blood sample through 2006. Nonfatal stroke was reported on biennial questionnaires and confirmed by medical records. Deaths were detected through information provided by the next of kin, postal authorities, or by systematic searches of the National Death Index. Classification of fatal stroke was confirmed by review of hospital records, autopsy, or death certificate. Women (or next of kin for decedents) reporting stroke on follow-up questionnaires were asked for permission to review medical records, which were reviewed by a physician blinded to exposure status. Stroke was classified according to the National Survey of Stroke 17 criteria requiring evidence of a neurological deficit with sudden or rapid onset that persisted for >24 hours or until death. Strokes were classified as ischemic stroke because of thrombotic or embolic occlusion of a cerebral artery with imaging data from computed tomography or MRI or data on autopsy available for >92% of events, with high reproducibility.
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Statistical Analysis
Descriptive analyses for baseline characteristics were conducted by case-control status and across quartiles of DHEAS. Spearman correlation coefficient was calculated between DHEAS levels and age. Multivariable conditional logistic regression models estimated the association between DHEAS and risk of ischemic stroke. A priori DHEAS was modeled in quartiles based on the distribution among the controls and as a binary variable using the lowest quartile as the cut point to increase statistical power and facilitate interaction analyses. The odds ratio and 95% confidence intervals (CI) were used to approximate the relative risk.
Lifestyle and diet covariates were used from the 1990 questionnaire or the closest year prior, with the exception of height (1976). We estimated 3 multivariable models: model 1 adjusted for matching factors, model 2 additionally included body mass index, physical activity, aspirin use, alcohol consumption, and Alternative Healthy Eating Index (aHEI 2010), whereas in exploratory analysis, model 3 further adjusted for possible intermediates on the causal pathway: history of diabetes mellitus, hypertension, coronary heart disease or revascularization, HbA 1c , and total/high-density lipoprotein-cholesterol (see the online-only Data Supplement). A missing indicator variable was assigned for missing values of alcohol and aspirin intake. In 17 case-control pairs with missing HbA 1c , the median was imputed by case-control status.
In subgroup analyses, we evaluated effect modification of DHEAS (the lowest quartile compared with all others) and risk of ischemic stroke by selected risk factors (age, body mass index, smoking, diabetes mellitus, postmenopausal hormone use, and ovarian status) and time period (events occurring <8/≥8 years) on the basis of a priori hypotheses. Significance of the interaction was assessed using the likelihood ratio test. We examined the impact of estradiol, testosterone, and sex-hormone-binding globulin on the association between DHEAS and risk of ischemic stroke. All P values were 2-sided. Analyses were conducted with SAS for UNIX statistical software (version 9.2; SAS Institute, Cary, NC).
Statement of Ethics
This study was approved by the institutional review board of Brigham and Women's Hospital and all procedures followed were in accordance with institutional guidelines. Participants provided informed consent to participate.
Results
DHEAS levels were available for 461 complete case-control pairs. The mean age was 61 years. As expected, women who developed stroke during follow-up were more likely to be diabetic, report a history of hypertension and family history of heart disease compared with controls (Table 1 ) at baseline.
Age was inversely correlated with DHEAS levels (Spearman r=−0.32; P<0.0001). Women in the lowest DHEAS quartile were older and less educated but less likely to be current smokers compared with the highest quartile (Table 2) . Furthermore, the lowest quartile of DHEAS was associated with a higher prevalence of hypertension, high cholesterol, and history of heart disease, as well as a higher proportion of hormone therapy use. In the lowest DHEAS quartile, the mean estradiol levels were 5.21±3.08 pg/mL among postmenopausal women not on hormone therapy and 18.00±19.00 pg/mL among hormone therapy users. For premenopausal women, there was not a clear relation between estradiol levels and DHEAS quartiles.
When adjusted for matching factors, women in the lowest versus the highest quartile of DHEAS had a nonsignificant (Table 3) ; adjustment for potential confounders did not alter results. The association was strengthened after adjusting for cardiovascular risk factors and biomarkers (HbA 1c and total/high-density lipoprotein-cholesterol). When modeling binary DHEAS, women with DHEAS levels in the lowest quartile exhibited a significantly greater risk of ischemic stroke compared with higher levels in multivariable analyses ( Figure; model 2); estimates were strengthened and remained statistically significant after adjustment for cardiovascular risk factors and biomarkers (Figure; model 3) .
There was evidence to suggest that the association between DHEAS and risk of ischemic stroke may vary by diabetes mellitus (P interaction =0.03), age (P interaction =0.06) and smoking status (P interaction =0.11) ( Table 4 ). The risk of ischemic stroke for women in the lowest DHEAS quartile compared with higher quartiles was stronger among women with diabetes mellitus than for women without diabetes mellitus; however, CIs were wide because of few events (P interaction =0.03). No significant interaction by time period was observed (results not shown). The association between DHEAS and risk of ischemic stroke was virtually unchanged after further adjustment for estradiol, testosterone, and sex-hormone-binding globulin (results not shown).
Discussion
In this nested case-control study, we observed evidence to suggest that women with DHEAS levels in the lowest quartile had a greater risk of ischemic stroke during follow-up. The association was strengthened by adjustment for cardiovascular risk factors and biomarkers and may be stronger among women with diabetes mellitus, those aged <65 years or never smokers. To our knowledge, this is the first report to evaluate DHEAS levels and risk of ischemic stroke.
Although no prior studies have examined DHEAS and stroke, several lines of evidence support a potential association. DHEAS levels have been significantly inversely associated with subclinical markers of vascular dysfunction among women: common carotid artery blood flow volume (β=0.21; P<0.05) 19 and arterial stiffness (β=−0.27; P<0.03). 8 An inverse association between DHEAS and CVD mortality has been suggested among men. 5 Results from the Women's Health and Aging Study, a population of older disabled women, 3 reported low DHEAS levels were associated with an increased risk of CVD mortality (quartile 1 versus 3 [ref] : HR, 2.05; 95% CI, 1.27-3.32). Similarly, postmenopausal women in the Women's Ischemia Syndrome Evaluation study 4 with low DHEAS levels had >2-fold increased risk of CVD mortality (extreme tertiles: HR, 2.43; 95% CI, 1.06-5.56). Despite suggestive data, the association between DHEAS and risk of total CVD has been inconsistent among women: 5 studies reported null associations, 20-24 2 reported that higher levels were associated with lower CVD mortality, 3, 4 and 1 reported that higher levels of DHEAS were associated with increased risk of CHD. 6 Inconsistencies between studies may be because of variations in age, cardiovascular risk profiles, race/ethnicity, or other demographic factors, yet to be explored. 3, 4, 6 DHEAS may influence the pathogenesis of CVD and ischemic stroke through several potential physiological mechanisms. DHEAS may act through atheroscleroticrelated mechanisms, such as inhibiting the migration and proliferation of cells within the vascular wall, and increasing vascular smooth muscle cell apoptosis, thereby reducing vascular remodeling after injury. 10 DHEA administration has also been shown to improve endothelial cell function indicated by flow-mediated dilation in vivo and increase endothelial cell proliferation independent of estrogen and androgen receptors in vitro. 25 Furthermore, DHEAS may influence insulin resistance by affecting hepatocyte glucose production 11 and improve peripheral tissue glucose clearance 26 shown in animal models in vivo. Although unclear whether DHEAS acts alone or predominately through conversion to 
Figure.
Multivariable association between dehydroepiandrosterone sulfate in the lowest quartile and ischemic stroke compared with quartiles 2 to 4. Models 2 and 3 adjusted for covariates in Table 3 . 95% CI indicates 95% confidence interval; and RR, relative risk.
by guest on April 19, 2017 http://stroke.ahajournals.org/ Downloaded from estrogens/androgens, DHEAS can act independently in many cell types, including vascular endothelium. 27 However, the androgenic or estrogenic activity of DHEAS may vary given the underlying hormonal milieu, dependent on sex, hormonal status, and hormone therapy use. 13 It is unclear whether DHEAS plays a direct role in the pathogenesis of ischemic stroke or serves as a risk marker of subclinical vascular disease. DHEAS is almost exclusively synthesized in the zona reticluaris of the adrenal cortex, which is vulnerable to vascular damage; thus, DHEAS levels may be a marker of subclinical vascular disease. 28 The underlying biological pathway is unclear; further research is needed to elucidate specific mechanisms.
Strengths of the current study include the nested case-control design with DHEAS levels collected before ischemic stroke events. DHEAS is a more stable marker than DHEA given a longer half-life, slower turnover rate, and it does not exhibit diurnal variation, in contrast to DHEA. However, DHEAS levels vary substantially by sex; variation by race/ethnicity or sociodemographic factors is unclear, thus generalizability may be limited. Although we were unable to evaluate change in DHEAS over time with stroke risk because of a limited number of replicate plasma measurements, a high correlation between replicate measures ≈10 years apart was indicated. This suggests the long-term reproducibility of a single measure of plasma DHEAS levels in postmenopausal women, supporting previous work in this cohort. 16 Moreover, the association between DHEAS and risk of stroke did not differ by time to event. We were unable to evaluate ischemic stroke classification by the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria. Although cases-control pairs were not matched on hypertension status, as it may be on the causal pathway, we did adjust for hypertension in sensitivity analyses (model 3). Furthermore, the sample size was moderate and while we examined variation by key cardiovascular risk factors which have not been previously explored, analyses were underpowered and warrant further study.
Summary
In this cohort of older women, these results suggest evidence for an inverse association between DHEAS and risk of ischemic stroke, where lower levels of DHEAS were associated with an increased risk of ischemic stroke. There was an indication that an elevated risk of ischemic stroke associated with low DHEAS levels in this population may be strongest among diabetics, younger women (<65 years) and never smokers. Additional research is warranted to confirm these associations in other populations. 
